We describe radio frequency (rf) analysis of technological plasmas at the 13.56 MHz fundamental drive frequency and integer narrow-band harmonics up to n = 9. In particular, we demonstrate the use of harmonic amplitude information as a process end-point diagnostic. Using very high frequency (vhf) techniques, we construct non-invasive ex situ remote-coupled probes: a diplexer, an equal-ratio-arm bridge, and a dual directional coupler used as a single directional device. These probes bolt into the plasma-tool 50 transmission-line between the rf generator and matching network, and hence do not require modification of the plasma tool. The 50 probe environment produces repeatable measurements of the chamber capacitance and narrow-band harmonic amplitude with an end-point detection sensitivity corresponding to a 2 dB change in the harmonic amplitude with the removal of 1 cm 2 of photoresist. The methodology and design of an instrument for the measurement of the plasma-tool frequency response, and the plasma harmonic amplitude and phase response are examined. The instrument allows the monitoring of the plasma phase delay, plasma-tool short-and long-term ageing, and process end-point prediction.
Introduction
Recently, researchers at University College London (UCL) have investigated radio frequency (rf) probes (diplexers [1, 2] , and directional devices [3, 4] ) as non-invasive plasma sensors. These sensors bolt into the 50 transmission line of the plasma tool between the rf generator and the matching network (i.e. they are remote coupled) and yield valuable information on the electrical characteristics of both the plasma and the plasma tool. From this, insights into the internal plasma chemistry and plasma-surface interactions can be extracted [3] . Significantly, the remote-coupled nature of the probes means that no modification of the plasma tool or expert installation is required, and the internal state of the plasma is not disturbed. The measurement technique can therefore be easily generalized and applied to a range of plasma tools and processes, and as such comprises a valuable tool for 3 Author to whom correspondence should be addressed. both research and industry. The 50 sensor environment produces repeatable measurements of the chamber capacitance and narrow-band plasma harmonics: both properties that are intimately linked to the internal state of the plasma. A key industrial requirement is etch process end-point detection and prediction to enable the reliable production of sub-micrometre components. At present these remote-coupled probes [4] can detect the removal of 1 cm 2 of photoresist from the resultant 2 dB change in harmonic amplitude.
These remote-coupled non-invasive probes, as well as commercial current/voltage sensors that couple directly into the non-50 environment of the chamber electrode [5] [6] [7] , require the information in their output signals to be correlated in some meaningful way to the plasma-surface interaction. To enable this, principal components analysis [2] and/or hybrid equivalent linear electrical circuit models (hybrid-ELEC models) [8, 9] are used to extract and classify default conditions and process end-point detection. Our ELEC model does not model the plasma, but rather the response of the linear circuit elements of the plasma tool to its presence. For our diagnostic purposes, we consider the plasma as a nonlinear source of a comb of harmonic frequencies that are injected into the linear plasma tool, and of course our harmonic measurements are made at spot frequencies. Impedance transformation through the linear model allows us to determine the modification of the tool impedance by the plasma, and therefore provides insight into the complex plasma impedance at the harmonic frequencies. From this we extract information on the internal state of the plasma; for example its electronegativity or the presence of small quantities of impurity [3] .
This article reviews the rf performance of the three UCL remote-coupled sensors as used individually on plasma tools. An instrument based on all three sensors, which has the capability for photoresist end-point prediction below 1 cm 2 , is also discussed. The article is constructed as follows.
In section 2 the rf principles of the equal-ratio-arm bridge (section 2.1), the diplexer (section 2.2) and the directional coupler (section 2.3) when individually connected to a plasma tool are discussed. The plasma tools used in this article are the Oxford Instruments Plasma Technology (OIPT) µP RIE80, and the International Plasma Corporation (IPC) 2003-B tunnel reactor. In each case, using an n-type connector, the remotecoupled sensor is connected directly into the 50 input of the plasma tool matching network.
Section 3 describes the incorporation of all three sensors into one measurement instrument for the purpose of process end-point prediction and plasma tool characterization. Error uncertainty analysis of the instrument performance, target device directivity (the ability of a device to distinguish between incident and reflected electromagnetic waves) and port test match (impedance mismatch between two components) are derived.
Analogue error reduction techniques are also examined.
Remote-coupled probes
The three remote-coupled probes described in this section can be found individually in the published literature [1] [2] [3] [4] . The probes are constructed in compartmented sections and enclosed in a fully screened metal box to comply with European electromagnetic radiative emission and immunity standards. The purpose of this section is to describe in further detail the principle of their rf operation and provide examples of their use.
Equal-ratio-arm bridge
The equal-ratio-arm bridge is formed from a four-arm resistive bridge and a hybrid transformer [10] . The primary transformer winding is a magnetic loop of N turns with the non-shorted end forming the output port of the bridge. The secondary winding is formed from two N/ √ 2 loops joined at a centre grounded tap, with the output of each connected to the reference and test ports, respectively, via matched value resistors. The resistive input port splits equally the voltage source to the reference and test ports, again using matched value resistors. Using this configuration the bridge has an open-and short-circuit error of ±1 dB between 10 and 300 MHz, and a directivity of −38 dB when used with a 50 matched load at the reference-port. A schematic representation of the complete circuit connected to a parallel-plate plasma tool is shown in figure 1 .
When the bridge is used with a 50 non-reactive reference the phase information must be processed along with the amplitude, necessitating vector analysis equipment. Scalar monitoring cannot distinguish between open-circuit and shortcircuit conditions. By using a short-circuit as the reference the two-dimensional (phase and amplitude) components can be reduced to a one-dimensional measurement. Hence a high modulus output from the bridge now indicates an opencircuit condition, and a low output indicates a short circuit. Furthermore, a modulus rising with frequency indicates an inductive component, and vice versa a falling modulus indicating the reactance to be capacitive.
When the bridge is connected to a spectrum analyser, tracking generator, and plasma tool (see figure 1 ) the measurement system becomes a swept frequency scalar analyser [10] . The bridge now effectively measures poles and zeros in the frequency response of the matching network and plasma chamber, as if it were a low-pass filter network.
As the bridge measures the swept frequency impedance of the plasma tool, the data can be used for a number of different measurements. Firstly, frequency position data of the matching capacitors can be used to investigate the physical process within the plasma (i.e. ionization and dissociation of monatomic and polyatomic gases [3] ). Secondly, to provide an initial frequency domain signature of the plasma tool when first constructed. Subsequently the data can be used as a reference source for future changes in the construction of the tool or short-and long-term component drift (i.e. movement of the loading arm or chamber wall capacitance variation). Thirdly, a frequency signature associated with a successful process can be recorded and be used to make the 'Go/No-Go' decision to start the plasma process.
An example of historical data analysis (third case) is shown in figure 2 . In this figure the 0-200 MHz swept frequency response of an OIPT µP RIE80 plasma tool is measured with respect to open-(full curve) and short-circuited (broken curve) bridge references with the plasma tool matching network capacitors at a conjugate matching position to a known plasma condition. In this case, a 0.1 mbar oxygen plasma is used.
Within this frequency band the open-and short-circuited reference measurements reveal that the plasma tool has four frequency resonances (13. is equal to half the electrical wavelength of the transmission line. These frequency values allow this plasma tool to be characterized as a lossy 50 transmission line with an equivalent electrical length of the order of 1.5 m. These scalar measurements provide a frequency domain calibration of the plasma tool at the time of measurement, and hence can be used to evaluate long-and short-term drift in the electrical performance of the tool. For example, a recent shortterm drift study on a capacitively-coupled Gaseous Electronics Conference (GEC) reference cell at the Open University using the bridge revealed a 20 MHz shift down in ripple frequency from 350 MHz as a grounded wire probe was inserted into the inter-electrode space, thus mimicking a cluster-tool loading arm.
A follow-up study on a Surface Technology Systems (STS) plc Multiplex inductively coupled plasma tool revealed a similar shift in swept frequency response for both the loading arm when moving in and out of the chamber, and the raising and lowering of the lower electrode. 
Diplexer
The diplexer [1, 2] has two purposes: (1) to remove the powerful 13.56 MHz fundamental from the sensitive harmonic measuring equipment and (2) to stop multiple reflections between the common port and the low-pass port; neither can absorb or transmit any frequency other then 13.56 MHz effectively enough to present a termination or standing waves on this part of the transmission line. The diplexer is derived from a computer model based on two 0.1 dB ripple Chebyshev response filters. The final design has been modified in such a way that the resulting zeroes appear in the stopband of each respective filter and the insertion loss of each passband filter is restored. The low-pass section of the diplexer is designed to accommodate 1 kW of power. The frequency response, measured at the low-pass and high-pass ports when the signal is injected into the diplexer common port, is shown in figure 3 .
The diplexer is designed to be used in two remote-coupled configurations within the plasma tool circuitry: the first being between the 13.56 MHz rf generator and matching network the second at the output port of the reflection sampling arm of an in-line dual-directional coupler (DDC). Each circuit position has it advantages and disadvantages. In the in-line case the rf generator is provided with harmonic immunity but allows full plasma noise into the high-pass port. In the DDC case, no harmonic immunity is provided but the plasma noise is reduced by the through-line coupling (−30 dB) of the DDC. These two configurations are shown in figure 4 . In each case the diplexer high-pass port is used as a harmonic diagnostic port using a series of 1 MHz bandwidth harmonic filters (n = 2-9) and a digital oscilloscope, or a spectrum analyser.
To minimise inductive coupling between filter elements the diplexer is built into a compartmented aluminium box with 50 n-type connectors for the low-pass and common ports, and a 50 BNC connector for the high-pass port.
An example of the diplexer used in microposit 1818 photoresist stripping end-point detection (2 inch silicon wafer in the IPC 2003-B tunnel reactor) is shown in figure 5 . In this figure the fifth to eighth harmonic amplitude levels are plotted with respect to the fundamental as a function of a 250 W oxygen plasma exposure time. It is evident that there are systematic changes in the fifth (crosses), seventh (full squares), and eighth (open squares) harmonics as the photoresist is stripped from the surface of the silicon wafer after 25 min. When the photoresist is finally removed (after 40 min) the responding harmonics stabilize to a new level that reflects the non-injected conditions. For this plasma tool the strong second to fourth harmonics did not change and are therefore not shown.
The second example of the use of diplexer shows preliminary results of some harmonic Lissajous studies. Figures 6(a) and 6(b) shows X-Y plots (Lissajous figures) in which the fundamental is plotted against the third harmonic of a 100 W argon plasma at pressures of 0.06 mbar ( figure 6(a) ) and 0.1 mbar ( figure 6(b) ). The figures show that at 0.06 mbar the third harmonic is approximately 80
• out of phase with the fundamental, and at 0.1 mbar the third harmonic is nearly in phase with the fundamental. The asymmetry of the Lissajous figures is due to radiative pick-up of the fundamental on the harmonic transmission line and the relatively low voltage level (±20 mV) of the third harmonic with respect to the fundamental (±0.6 V). The latter arises from an imbalance of the operating voltage level of the oscilloscope X-and Y -amplifiers. Superimposed on these figures is a 25:1 signal-to-noise ratio (SNR) for the fundamental (noise = 20-30 mV) and 5 mV on the harmonic. The relatively high noise level on the fundamental with respect to the harmonic may be due to the absence of 1 MHz bandwidth (−3 dB) filtering at the low-pass port of the diplexer.
At present, the asymmetry and noise prevents repeatable measurement of the phase angle and amplitude between increasing harmonic frequencies. Analogue error reduction techniques to overcome these problems are discussed in section 3. When these errors are overcome the Lissajous figure display has the potential to calibrate a process plasma from run to run and from day to day. Studies at STS plc are currently being performed and will be reported in the near future.
DDC
The DDC [4] is designed to be inserted into the 50 transmission line between the rf generator and the 50 input port of the matching network of a plasma tool. This position is chosen as both its characteristic impedance and mechanical position are well defined. The DDC is designed to detect, in real time, the incident and reflected power in terms of travelling waves propagating along its through line. The accuracy of the DDC is determined by the coupling factor of each sampling line, the isolation between the two sampling lines, and the through-line characteristic impedance.
The characteristic impedance of the through line is designed to be 50 to match the rf generator output impedance, and is scaled to allow a sufficient space envelope for the two sample lines. To minimize the electric field distortion around the through line, and to maintain directivity, the separation distance between each line is set to give −30 to −35 dB coupling. N-type connectors are used on the throughline input and output, and 50 BNC connectors are used on each sampling line. The maximum power capacity of the through line is set by the product of the power rating of the 50 resistor terminating each sampling line and the coupling factor. The physical structure of the DDC is shown schematically in figure 7 .
The directivity of each sampling line was measured using a combined tracking generator and spectrum analyser and a calibrated 1-400 MHz 50
termination. The amplitude reference was determined by measuring the frequency response of each sampling line at the reflection port under open-and short-circuit conditions. The average of these levels is divided by the sampling-line level when the through line is terminated by the 50 non-reactive termination. Each sampling line of the DDC has a calculated directivity of between 22 and 24 dB between 10 and 200 MHz.
As the plasma is the source of harmonics, the reflection port (looking towards the plasma) produces a greater signal amplitude than the incident port, scaled by the directivity at that frequency. The single-directional device therefore provides a scalar measurement of each harmonic when connected to a spectrum analyser.
An example of the DDC used in harmonic end-point detection of photoresist stripping from a 2 inch diameter silicon wafer in an OIPT µP RIE80 plasma tool is shown in figure 8 . Here the harmonic levels with respect to the fundamental are plotted as a function of plasma exposure time. The injection of etched material into the body of the plasma changes its complex impedance: a change that is reflected in a variation of harmonic levels. The minimum sensitivity using this harmonic amplitude measurement technique is of the order of a 2 dB change in the eighth harmonic for 1 cm 2 etched area. These analogue results demonstrate that harmonic endpoint detection can be obtained with low system noise [11] and without resorting to Fourier algorithms [12, 13] . The results, however, do show that the responding harmonic number changes from one plasma tool to another. Thus an ability to select the harmonic channel for optimum sensitivity is necessary.
Proposed instrument
In this section a new instrument consisting of the above three remote-coupled probes is proposed. The instrument will measure at-line the frequency response of the plasma-tool, and both on-line and in real time the phase and amplitude of plasma harmonics with respect to the fundamental drive frequency. The instrument is therefore a harmonic vector impedance analyser. The resultant Lissajous figures can be used to provide a two-dimensional process end-point target map. When referenced to a real-time evolving Lissajous figure the comparative information allows, for the first time, endpoint prediction and the realization of plasma phase delay measurements. This display philosophy is similar to the current Park's vector patterns [14] , with the difference that the amplitude and phase of f o (or harmonic) and selected harmonic are displayed. A schematic layout of this instrument is shown in figure 9 .
Measurement error analysis
The integration of the three probes into one instrument for swept frequency response measurements of a plasma tool and the measurement of plasma harmonic phase and amplitude necessitates the use of coaxial transmission-line cable and adaptors. The key design issue is that this increases the measurement uncertainty because the effective directivity and the test port match are both degraded due to reflections from the added components. These problems must be addressed if the instrument sensitivity is to meet the SIA semiconductor roadmap requirement of the next 10 years [15] . Consider first the 50 coaxial switch which has a standing wave ratio (SW R) = 1.1 (or return loss ratio (RLR) = −26.5 dB) and is connected to the bridge with a directivity of −38 dB and a test port match of 1.25 SW R. The directivity of the bridge has an equivalent reflection coefficient (ρ) of 0.016 and the switch has an equivalent ρ = 0.048. These two values of ρ when in phase sum to 0.064, which is the new effective directivity of the system and can be expressed as a RLR = −23.8 dB.
The bridge has a test port match of 1.25 SW R and is affected in the same way. Hence the bridge reflection coefficient becomes 0.112 + 0.025 = 0.137 when the switch reflection is in phase. The new effective test port match now has an SW R of 1.32 (i.e. an RLR of −17 dB).
It can be seen from these calculations (see table 1 ) that when such an instrument is developed, the directivity, rather then test port match, is degraded. These errors must be designed out by the selection of low SW R components and by increasing the directivity of the directional devices across the operational frequency range. Measurements performed on the GEC-reference cell and the STS plc Multiplex ICP plasma tool (see section 2.1) indicate that the bridge directivity must be extended to 400 MHz.
Signal error reduction techniques
The comparative disparity in signal levels and noise are a major concern in measuring plasma harmonic end-point signals. The use of algorithms and neural networks to overcome poor SNRs have not so far allowed harmonic signals on their own to be used as an end-point technique [12, 13] . In this section, noise reduction using real-time analogue techniques is examined.
In section 2.2 it was shown that when comparing the amplitude and phase of f o to the third harmonic (which typically has voltage levels of −30 dB with respect to f o ), a degree of signal asymmetry can be introduced into the resultant Lissajous figure due to drive frequency pick-up. To remove this, discrete harmonic frequency amplifiers can be used to boost the harmonic power level to a level comparable to the fundamental. This has the added advantage that the X-and Y -plate amplifiers of the oscilloscope are driven at similar voltage levels.
To increase the SNR above 25:1, the amplifier thermal noise contribution must be less then that of the plasma shot noise [16] . For example, the noise current produced by the plasma ion bombardment is in the order of diode shot noise:
where e is the electronic charge (1.602 × 10 −19 C), I d is the diode current, and B is the bandwidth in hertz. Hence the shot noise current flowing through the input impedance of the instrument produces a shot noise voltage of I n R. For a detector with a bandwidth of 500 MHz and a 50 input impedance measuring a 100 A plasma current, I n R is of the order of 6 mV.
Thus, small-signal low-noise amplifiers used in the instrument not only require a gain of 30 dB, but also a amplifier room-temperature noise voltage V n of three orders of magnitude less then the shot noise (i.e. 6 µV). Using the amplifier noise voltage equation (following) the harmonic amplifier bandwidth is therefore set to 1 MHz at room temperature:
V n = (4kBRT )
where k is Boltzmann's constant (1.38 × 10 −23 J K −1 ), B is the bandwidth (1×10 6 Hz), R is the matched load (R+J 0 = 50 ) and T is the absolute temperature (290 K).
Finally, the thermal stability of the amplifiers need to be in the range of 20 kHz
• C −1 at room temperature. This specification allows for a thermal drift of ±5
• C (±0.1 MHz) without altering the gain. Note that the temperature of a typical semiconductor cleanroom is maintained at 22 ± 1
• C.
Our initial amplifier design investigation has shown that this specification can be obtained up to the seventh harmonic using two vhf bipolar transistors coupled to a 1 MHz dualhelical-resonator circuit [17] . At and above the seventh harmonic, interference from the FM broadcast band and resistive losses in the resonators necessitate the use of a third amplification stage.
Conclusions
This article has reviewed the UCL remote-coupled probes (diplexer and directional devices) used for plasma-tool characterization and harmonic end-point detection.
An analogue instrument that comprises all three of these probes has been proposed, and associated error uncertainty due to construction has been investigated. It is acknowledged that integration techniques can be used to reduce the plasma noise at the expense of real-time analysis. However, for maximum SNR, and ultimate end-point sensitivity, the front-end probes require a flat frequency response over the measured frequency range (10-400 MHz), and the harmonic analogue detector circuits used to measure the plasma harmonics require a 1 MHz bandwidth (−3 dB) to reject both thermal noise and FM broadcast band interference.
